In recent years protein O-mannosylation has become a focus of attention as a pathomechanism underlying severe congenital muscular dystrophies associated with neuronal migration defects. A key feature of these disorders is the lack of O-mannosyl glycans on α-dystroglycan, resulting in abnormal basement membrane formation. Additional functions of O-mannosylation are still largely unknown. Here, we identify the essential cell-cell adhesion glycoprotein epithelial (E)-cadherin as an O-mannosylated protein and establish a functional link between O-mannosyl glycans and cadherin-mediated cell-cell adhesion. By genetically and pharmacologically blocking protein O-mannosyltransferases, we found that this posttranslational modification is essential for preimplantation development of the mouse embryo. O-mannosylation-deficient embryos failed to proceed from the morula to the blastocyst stage because of defects in the molecular architecture of cell-cell contact sites, including the adherens and tight junctions. Using mass spectrometry, we demonstrate that O-mannosyl glycans are present on E-cadherin, the major cell-adhesion molecule of blastomeres, and present evidence that this modification is generally conserved in cadherins. Further, the use of newly raised antibodies specific for an O-mannosyl-conjugated epitope revealed that these glycans are present on early mouse embryos. Finally, our cell-aggregation assays demonstrated that O-mannosyl glycans are crucial for cadherin-based cell adhesion. Our results redefine the significance of O-mannosylation in humans and other mammals, showing the immense impact of cadherins on normal as well as pathogenic cell behavior.
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POMT2 | mouse preimplantation development | protein-glycosylation | O-glycans | POMT1 P rotein O-mannosylation is a vital protein modification that is evolutionarily conserved across eukaryotes (1) . In humans, defects in this modification result in a heterogeneous group of congenital muscular dystrophies (CMDs, α-dystroglycanopathies). The most severe of these disorders, Walker-Warburg syndrome, is characterized by CMD associated with brain malformations of various degrees, ocular abnormalities, and, most often, fatal outcome during the first year of life (2) . In contrast, milder disorders such as limb-girdle muscular dystrophy, in which neither the brain nor the eyes are affected, may not present until adulthood (2) . The key pathological feature of these diseases is the lack of O-mannosyl glycans on α-dystroglycan (α-DG), an integral component of the dystrophin-glycoprotein complex (2, 3) . In the absence of these glycans, binding of α-DG to its extracellular matrix ligands (e.g., laminin) is abolished, and, consequently, basement membranes are fragmented (3) (4) (5) . In addition to α-DG, O-mannosyl glycans constitute up to 30% of total O-linked carbohydrates in the mammalian brain (6, 7) . However, to date only a few other proteins [including CD24 (8) , PTPRZ1 (9), neurofascin 186 (10), neurocan, and versican (11) ] have been shown to undergo O-mannosylation.
Synthesis of O-mannosyl glycans is initiated in the endoplasmic reticulum by the transfer of mannose from dolichol monophosphate-activated mannose (Dol-P-Man) to serine or threonine residues on membrane and secretory proteins (1) . In mammals, this reaction is catalyzed by a heteromeric complex of the protein O-mannosyltransferase 1 (POMT1) and 2 (POMT2) (12) . We previously showed that Pomt1-null mice display embryonic lethality during postimplantation development, between embryonic day (E)7.5 and E9.5 because of abnormal glycosylation and maturation of α-DG (4). Similarly, knockdown of POMTs in zebrafish and Drosophila melanogaster leads to severe developmental defects that are largely attributable to dysfunctional α-DG (13, 14) . Although these animal models have been very helpful in elucidating the role of α-DG-linked Omannosyl glycans, they have not revealed other biological functions of this protein modification.
In both animals and humans, adhesive interactions between neighboring cells are essential for embryogenesis as well as for tissue morphogenesis and renewal (15) . Adherens junctions are sites of cell-cell contact where cell-surface receptors of the cadherin family mediate adhesion (16) . Classical cadherins are conserved among vertebrates and invertebrates (17) . These plasma-membrane glycoproteins share a conserved cytoplasmic domain, a single-pass transmembrane domain, and an ectodomain containing five extracellular cadherin (EC) domains (18) . Located on opposing cells, cadherin ectodomains form calcium-dependent homophilic interactions whereby they Significance Cell-cell adhesion is essential for embryonic development, tissue morphogenesis, and tissue repair, as well as for tumor invasion and metastasis. Thus, it is of fundamental importance to identify the molecular factors that affect this process. Here we demonstrate that O-mannosylation, an essential posttranslational protein modification, is crucial for the formation of adherens junctions between cells of the early mouse embryo, with O-mannosylation-deficient embryos dying at the morula-to-blastocyst transition. Moreover, we identified O-mannosyl glycans on E-cadherin, the major cell-cell adhesion protein of embryos, and demonstrated that these glycans are crucial for E-cadherin-mediated cell adhesion. Because O-mannosylation is a conserved feature of the classical cadherins, this protein modification most likely affects many more biological processes than previously thought. mediate cell-cell contact (18) . The classical cadherin family comprises multiple members, including epithelial cadherin (E-cad, CDH1), neuronal cadherin (N-cad, CDH2), and retinal cadherin (R-cad, CDH4), each of which shows a distinct tissuespecific distribution pattern (16) . E-cad plays a critical role in the epithelial-mesenchymal transition during embryogenesis; E-cadknockout mice die before implantation because of the lack of a functional trophectodermal cell layer at the blastocyst stage (19) . Cell-cell adhesion is crucial not only for development but also for tissue morphogenesis and for the invasiveness of human cancer cells (20) . Thus, it is particularly important to assess, on a molecular level, the factors that affect this process.
In the present study we demonstrate that protein O-mannosylation is essential for the formation of adherens junctions in the preimplantation embryo. Embryos deficient for O-mannosylation die during the morula-to-blastocyst transition because of impaired blastomere adhesion. We identify E-cad as an O-mannosylated glycoprotein and show that this modification is essential for cadherin-mediated cell adhesion. Our identification of functionally relevant O-mannosyl glycans on cadherins is expected to provide further insights into the molecular pathologies of α-dystroglycanopathies.
Results and Discussion
Impaired O-Mannosylation Results in Preimplantation Lethality of the Mouse Embryo. Our previous work showed that deletion of mouse Pomt1 results in embryonic lethality after implantation because of impaired basement-membrane formation (4) . To address further the role of O-mannosyl glycans in vivo, we generated mice deficient for Pomt2 (Fig. 1A) . By homologous recombination in ES cells, we created a mutant allele encoding a truncated POMT2 with a frameshift mutation after amino acid T100 and a premature stop after four additional amino acids ( Fig. 1 A  and B and Fig. S1 ). Targeted ES cells were used to produce chimeric mice that transmitted the mutant allele. Heterozygous Pomt2 +/− mice developed normally and were indistinguishable from their WT littermates. However, intercrosses between heterozygous Pomt2 +/− mice did not yield homozygous Pomt2 −/− offspring (Fig. 1D ). The observed 1:2 ratio of WT to heterozygous offspring indicated inheritance of a recessive embryonic lethal trait (Fig. 1D ). Analysis of embryos at different developmental stages revealed homozygous Pomt2 −/− embryos at the expected Mendelian distribution at the two-cell, fourcell, and morula stages but not at the blastocyst stage ( Fig. 1 C  and D) . When embryos isolated at the two-cell stage were cultivated in vitro under conditions conducive to blastocyst formation, Pomt2
−/− embryos either displayed morphologies indicative of degeneration or were arrested at the morula stage. Surprisingly, unlike Pomt1 −/− embryos, Pomt2 −/− embryos failed to form blastocysts (Fig. 1E) . The observed phenotypic variations could be caused by differences in POMT activity, given that low enzymatic activity was detected for human and zebrafish POMT2 in the absence of POMT1 (13, 21) . In addition, compared with the levels of the Pomt2 maternal mRNA during the transition from oocyte to morula, the levels of Pomt1 mRNA were strikingly high ( Fig. 1F ) and most likely helped Pomt1 −/− null embryos overcome the bottleneck of early preimplantation lethality observed in our Pomt2 −/− mutants. Such variations in early transcript levels also could explain why lethality of Pomt2 −/− null mice on a different genetic background was not evident until postimplantation development (22) . To rule out bias that quantitative differences in Pomt transcript levels might introduce in our functional analyses of O-mannosylation during preimplantation development, we established a method to inhibit POMT enzymatic activity directly in early embryos. Rhodanine-3-acetic acid derivatives such as compound 5a (R3A-5a) are highly specific inhibitors of fungal protein O-mannosyltransferases (23) (24) (25) . We found that the enzymatic activity of mammalian POMTs also is blocked selectively by R3A-5a, both in vitro and in vivo. Over a wide range of concentrations, R3A-5a application resulted in a linear decrease of POMT in vitro activity, whereas enzymatic activity of the enzyme Dol-P-Man synthase was not affected (Fig. 1G and  Fig. S2A ). In Madin-Darby canine kidney (MDCK) cells cultured in the presence of up to 50 μM inhibitor, O-mannosylation of the known target protein α-DG vanished, as demonstrated by Western blotting with antibody VIA4-1, which is specific for an uncharacterized O-mannosidically linked carbohydrate epitope on α-DG (Fig. 1H) . At the concentrations used, neither cytotoxicity nor inhibitory effects on cell proliferation were observed (Fig. S2 B  and C) , and protein N-glycosylation was unaffected (see Fig. 4C ). Because R3A-5a specifically inhibited the enzymatic activity of POMTs in living cells, we cultivated two-cell-stage embryos in its presence. Although mock-treated embryos developed normally and proceeded to the blastocyst stage (Fig. 1I ), embryos treated with R3A-5a exhibited developmental arrest during the morula-to-blastocyst transition (Fig. 1I) . The observed phenotype is similar to that of Pomt2 −/− embryos (see Fig. 3A ), confirming that O-mannosyl glycans play a crucial role during preimplantation development.
O-Mannosyl Glycans Are Present at the Blastomere Surface. Collectively, the preimplantation lethality of Pomt2 −/− and inhibitortreated embryos suggested the presence of functionally important O-mannosyl glycans during early embryonic development. Therefore, we generated an antibody that is directed against a threonine O-mannosyl-conjugated epitope (T[α1-Man]) and specifically detects O-mannosylated proteins, such as skeletalmuscle α-DG, in immunoblots ( Fig. 2A and Fig. S3 B and C) . The T[α1-Man]-specific antibody retained its immunoreactivity after N-linked glycans were removed from α-DG by treatment with peptide-N-glycosidase F (PNGase F), after core 1 and core 3 O-linked oligosaccharides were eliminated by O-glucanase and, moreover, after the dominant O-mannosyl glycan structure Siaα3Galβ1-4GlcNAcβ1-2Man-Ser/Thr was trimmed back to a single mannose residue ( Fig. 2A and Fig. S3A ). However, complete chemical deglycosylation of α-DG with trifluoromethanesulfonic acid (TFMS) abolished the immunoreactivity of the T[α1-Man]-specific antibody (Fig. 2B ). Upon incubation with the T[α1-Man]-specific antibody, cross-sections of control human skeletal muscle showed strong staining of the sarcolemma, but this staining was absent in muscle sections from a POMT1-deficient patient (Fig. 2C) (21) , confirming the specificity of the antibody. Use of this diagnostic tool for whole-mount immunofluorescence analyses of early mouse embryos revealed that O-mannosyl glycans are present at the blastomere surface in four-cell embryos and throughout the following stages (Fig. 2D  and Fig. S3D ). In contrast, O-mannosylated α-DG was not detected (Fig. S3E) . Consistent with very low Pomt2 transcript levels in two-cell embryos (Fig. 1F) , O-mannosyl glycans were below the limit of detection at this developmental stage (Fig.  2D ). In conclusion, the T[α1-Man]-specific antibody revealed O-mannosyl glycans on blastomeres of early mouse embryos.
Cell-Cell Adhesion Is Affected in POMT-Deficient Embryos. To elucidate further the role of O-mannosyl glycans in the morula-toblastocyst transition, we characterized POMT-deficient embryos in greater detail. Specifically, we monitored blastocyst formation by two-cell-stage embryos cultivated in vitro. Whole-mount immunofluorescence analyses of Pomt2 −/− and R3A-5a-treated embryos revealed a lack of immunoreactivity of the T[α1-Man]-specific antibody, verifying the loss of the O-mannosyl epitopes (Fig. 3A) . At the four-cell stage, the POMT-deficient embryos were morphologically indistinguishable from WT embryos. However, after further development, the Pomt2 −/− and inhibitortreated morulae appeared to be disorganized, and blastomere size was extremely variable (Fig. 3A) . Most strikingly, we observed that individual cells were detached from the embryo and that blastomere attachment was perturbed overall (Fig. 3A) . Thus, cell-cell adhesion is significantly affected in the absence of O-mannosylation.
Cell-cell adhesion plays a critical role in the morula-to-blastocyst transition. At the morula stage, intercellular contacts are maintained by the formation of cadherin-based adherens junctions. Tight junctions then are established between the outer blastomeres to provide a seal, allowing the blastocyst cavity to form (26) . To determine whether O-mannosyl glycans have an effect on these cell junctions, we analyzed R3A-5a-treated embryos for the distribution of E-cad, the integral component of the adherens junctions of blastomeres (19) , and of zonula occludens 1 (ZO-1), a peripheral protein of tight junctions (27) . As shown in Fig. 3B , inhibitor-treated embryos largely retained E-cad staining basolaterally but not at sites of reduced cellular adhesion or in blastomeres that had detached from the embryo . O-mannosyl glycans emerge at the blastomere surface at the four-cell stage. The blastomere surface was visualized using PNA, and cortical actin was visualized by staining with phalloidin. (Fig. 3B, E-cad) . In addition, ZO-1 did not show its typical punctate localization but was distributed diffusely along the lateral membrane of outer cells (Fig. 3B, ZO-1) . Thus, the failure of the morula-to-blastocyst transition in O-mannosylation-deficient embryos appears to be caused by defects in the molecular architecture of cell-cell contacts, including the adherens and tight junctions. Interestingly, in mouse embryos the loss of E-cad has been shown to result in preimplantation lethality and abnormal tight junctions (28, 29) . This phenotype is highly similar to that of O-mannosylation-deprived embryos, suggesting that the defects in cell-cell adhesion are related to abnormal posttranslational O-mannosylation of E-cad.
E-Cad Is a Target of Protein O-Mannosylation. Vertebrate E-cad is an N-glycosylated type I classical cadherin (30) . Our results suggested that E-cad also undergoes O-mannosylation. Using a combination of α-mannosidase treatment and peptide sequencing by MS after collision-induced dissociation (CID), we were able to prove directly that O-linked mannose is present on ectodomain EC4 of E-cad (Fig. 4 A and B and Fig. S4) . A previous crystal structure analysis of E-cad had identified at least nine additional O-linked monosaccharide modifications of EC2-4 whose exact identity remained unknown (Fig. S4B) (31) . O-mannosylation of these sites is clearly indicated by our finding that blocking O-mannosylation in MDCK cells caused a significant decrease in the molecular mass of the E-cad that remained after N-linked glycans were removed (Fig. 4C) . O-mannosylation of these sites is supported further by a study of Vester-Christensen et al. that is published in this issue (32) . Using a human breast cancer cell line with simplified O-mannosyl glycans, these authors show that cadherins are major O-mannosylated glycoproteins and that O-mannosylation sites are highly conserved among cadherins (32) . Most interestingly, treatment with glycosidases that trim back extended O-mannosyl glycans did not affect the molecular mass of E-cad (Fig. 4C) , suggesting that the O-linked mannose residues are not elongated further. Very recently, we also demonstrated that single O-linked mannoses are attached to noncanonical heart cadherin from rabbit skeletal muscle (33) . Why O-linked mannose residues are elongated on α-DG ( Fig. 2A) but not on E-cad (Fig. 4C) is currently unclear. Strikingly, O-mannosyl glycosites on cadherins are present in β-strands whereas O-linked mannoses on α-DG are located in disordered regions (32) . Whether distinct structural features of the target proteins influence the action of other glycosyltransferases on O-linked mannoses remains to be investigated in the future.
O-Mannosyl Glycans Directly Affect Cadherin-Mediated Cell Adhesion.
Our data suggest that O-mannosylation plays a unique role in cadherin function. Cell-aggregation assays are elegant tools with which to study the functionality of cell-cell adhesion complexes (34) . Therefore, we used MDCK cells, which express high endogenous levels of E-cad (35) , to test the effects of the O-mannosyl glycan-specific antibodies on cell aggregation. Slowaggregation assays were performed in microtiter plates in which the experiments could be carried out with minute amounts of reagent. Single cells were seeded on semisolid agar, incubated under cell-culture conditions for 1 d, and evaluated for aggregate formation by microscopy. The IIH6 and VIA4-1 antibodies, which are specific for O-mannosylated α-DG, had no effect on cell adhesion, even at the highest concentration tested (Fig. 5A  and Fig. S5 ). In contrast, our T[α1-Man]-specific antibody inhibited cadherin-based aggregation to the same extent as a functionblocking E-cad antibody (Fig. 5A and Fig. S5 ). It was demonstrated previously that aggregation of MDCK cells is mediated predominantly by E-cad and kidney cadherin (K-cad, CDH6) (36). K-cad also was identified as an O-mannosylated protein by Vester-Christensen et al. (32) . To quantitate the effect of impaired O-mannosylation on MDCK aggregation, we used fast-aggregation assays (34) . MDCK cells were grown in the presence of R3A-5a to block O-mannosylation. Single cells were prepared using a cadherin-preserving procedure, and cell aggregation was determined as detailed in Materials and Methods. Notably, inhibiting O-mannosylation by applying increasing amounts of R3A-5a negatively affected cell-cell aggregation. This gradual decline was accompanied by a decrease in O-mannosylation of E-cad (Fig. 5B , E-cad and T[α1-Man]) as well as K-cad (Fig.  5B, K-cad) . Taken together, these results strongly indicate that O-mannosylation is crucial for cadherin function.
In conclusion, our study identifies E-cad as O-mannosylated protein and establishes a functional link between O-linked glycans and cadherin-mediated cell-cell adhesion. Further, our findings clearly suggest that, in vivo, O-mannosylation of E-cad is highly relevant to the formation and/or maintenance of adherens junctions during the morula-to-blastocyst transition. Because multiple members of the cadherin family and other cell-adhesion molecules, as well as E-cad, are O-mannosylated (32), we cannot rule out completely the possibility that alternative mechanisms also might contribute to our findings. That blocking O-mannosylation did not noticeably affect the stability and/or cell-surface localization of E-and K-cad (Figs. 3B and 5B) suggests that Omannosyl glycans may modulate cadherin structure. Unraveling the molecular role of this modification for cadherin function will be an exciting future challenge.
To date, the characterization of O-mannosyl glycan function was limited to α-DG-associated phenotypes because other POMT substrates were not known. However, recent glycomics efforts (7, 9) and the identification of additional O-mannosylated proteins (8) (9) (10) (11) 32) indicated that O-mannosyl glycans contribute to more cellular processes than initially expected. Given the crucial role of cadherin-based cell-cell contacts in tissue morphogenesis and maintenance (37) , our findings shed light on the molecular basis of some aberrations observed in CMDs. The most severe cases of O-mannosylation deficiencies, such as Walker-Warburg syndrome and muscle-eye-brain disease, are characterized by neuronal migration disorders that result in fatal brain and eye abnormalities (2) . Corresponding animal models of O-mannosylation deficiency show highly disorganized neuroepithelia, which had been attributed to defects in the formation of the glia limitans, a basement membrane that is formed in a α-DG-dependent manner (22, 38) . However, recent results suggest that these neuronal migration defects are explained only partially by α-DG loss of function. In zebrafish, severely perturbed lamination of the retina was observed in O-mannosylation-deficient (39) but not dystroglycan mutants (40) . Interestingly, similarly disorganized retinal layering is manifested upon morpholino-mediated knockdown of R-and N-cad in zebrafish (41, 42) , and perturbed lamination of the neocortex is found upon brain-specific deletion of N-cad (43) . Thus, these CMD phenotypes most likely also are consequences of cadherin hypomannosylation. α-DG-deficient animal models and the T[α1-Man]-specific antibody will make it possible to unravel the impact of cadherins in α-dystroglycanopathies.
Given the fundamental role that cadherins play in morphogenetic processes during embryogenesis, in the differentiation and maintenance of tissue, and in cancer progression (20, 37) , this study opens exciting possibilities for the significance of protein O-mannosylation in mammals and humans.
Materials and Methods
Animal Procedures. Mice were bred in a pathogen-free mouse facility at the Gene Center, Ludwig Maximilian University, Munich, Germany. All animal procedures in this study were approved by the local Animal Welfare Committee (Regierung von Oberbayern) and were performed according to the German Animal Welfare Act and the European Communities Council Directive of November 24, 1986 (86/609/EEC). The targeting of Pomt2 in ES cells and the generation of Pomt2 −/− mice is detailed in SI Materials and Methods.
Quantitative Expression Analysis. Quantitative PCR was carried out using SYBR-Green Supermix (Bio-Rad). cDNA derived from 0.5 mouse embryo equivalents and gene-specific primers (100 nM each) of Pomt1Fwd/Pomt1Rev, Pomt2Fwd/Pomt2Rev, and PpiaFwd/PpiaRev were used. Relative expression of Pomt1 and Pomt2 was normalized to peptidylprolyl isomerase A (Ppia) expression using the ΔΔC T method (44) . The primer sequences are listed in Table S1 . Glycans were removed by treatment with glycosidases as indicated (for details see Fig. 2A ). Inhibitor Treatment of Mouse Embryos and MDCK Cells. Embryos at the twocell stage were flushed from C57BL/6N donor females and incubated in M16 medium (Sigma). MDCK cells (American Type Culture Collection CRL-2936) were cultured under standard conditions. For inhibitor studies, culture medium was supplemented with 0.5% DMSO or R3A-5a (Biotrend) dissolved in DMSO for 3 d.
Generation of the T[α1-Man]-Specific Antibody. The peptide CYAT(1α-Man)AV was synthesized using standard Fmoc chemistry and was coupled to maleimide-activated keyhole limpet hemocyanine (KLH; Pierce). KLH conjugates were used to immunize rabbits according to a standard protocol. The T[α1-Man]-specific polyclonal antibody was affinity purified using YAT(α1-Man) AV or YATAV, coupled to Affi-Gel(R) 10 (Bio-Rad).
Deglycosylation of Proteins and Peptides. Protocols for the partial enrichment of α-DG from skeletal muscle and protein extraction from MDCK cells are detailed in SI Materials and Methods. Five micrograms of α-DG-enriched fractions from porcine skeletal muscle and affinity-purified E-cad were enzymatically deglycosylated using the GLYCOPRO deglycosylation kit (Prozyme) and the PRO-LINK extender kite (Prozyme) or were chemically deglycosylated using the GlycoProfil kite (Sigma). Deglycosylated and mock-treated samples were analyzed by Western blotting using standard procedures (SI Materials and Methods). E-cad-derived glycopeptides were treated with α(1-2,3,6)-mannosidase (Jack Bean; Prozyme) and were analyzed by LC-MS as detailed in SI Materials and Methods.
Whole-Mount Immunofluorescence Analyses. Embryos were fixed in PBS containing 2% (wt/vol) paraformaldehyde for 30 min, permeabilized in Trisbuffered saline (TBS), pH 7.4, containing 0.5% Triton X-100, and blocked in TBS containing 0.02% Tween-20 (TBS-T) and 2% (wt/vol) BSA. Rat monoclonal Ecadherin antibody (DECMA-1) (1:100; Sigma), polyclonal anti-ZO1 (1:100; Zymed), and polyclonal anti-T[α1-Man] (1:20; this study) were applied in TBS-T containing 2% (wt/vol) BSA. Secondary antibodies used were Alexa Fluor 488-conjugated anti-rat (1:2,500; Molecular Probes), Alexa Fluor 568-conjugated anti-rabbit (1:2,000; Molecular Probes), rhodamine-conjugated Arachis hypogaea agglutinin (PNA) (200 μg/μL; Vector Laboratories), and Dy-647-conjugated phalloidin (1:40; Dyomics). Embryos were analyzed on a Nikon A1Rsi confocal microscope.
Cell-Aggregation Assays. Slow-aggregation assays were performed in the presence of monoclonal DECMA-1, IIH6 (Millipore), VIA4-1, polyclonal T[α1-Man]-specific antibodies, and EGTA as described (34) . For fast-aggregation assays (34) E-cad was reconstituted overnight in the presence of DMSO (0.5%) or R3A-5a. The extent of cell aggregation was assessed in the presence of DMSO, R3A-5a, or EGTA by counting the number of nonaggregated cells (fewer than four cells). Results are expressed as a percentage of the mean relative to the total number of cells present before aggregation.
